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ABSTRACT 
A Modeling Approach for Electric Power Transmission Lines 
in the Presence of Non-Fundamental Frequencies 
Valentina Cecchi 
Karen Miu, Ph.D. 
 
In light of the fact that modern power systems are expected to exhibit an increased 
level of harmonic and inter-harmonic frequency components, a modeling tool for electric 
power transmission lines was developed to determine the appropriate model structure 
under non-fundamental frequencies.  The tool, designed for system studies, consists of a 
step-by-step procedure that determines the model segmentation and the corresponding 
parameter values of each segment. It is based on a user-defined level of accuracy and 
given frequencies of interest.  In order to assess the accuracy of a line model, its 
performance is characterized through wave propagation, specifically voltage attenuation 
and phase shift, and is compared to the distributed parameter line model.  
The line modeling approach utilizes a state-of-the-art simulation tool to obtain the 
receiving-end voltage of the line models at the frequencies of interest.  The software-
based approach is validated with hardware tests performed within the Drexel University 
power engineering laboratories. An experimental platform, comprising an 
instrumentation and measurement system and power hardware, was designed and 
developed specifically to study waveform propagation in lumped circuit equivalents of 
transmission lines at non-fundamental frequencies.  For demonstration purposes, the 
proposed modeling approach was applied to a short-length and a long-length line of given 
cable type.  Results were then validated through hardware tests. 
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1. INTRODUCTION 
1.1 OVERVIEW 
Modernization of electric power systems has included several devices and 
techniques to improve system operations, reliability and efficiency. Enhanced 
communication systems as well as measurement and control devices have been 
embedded in the power network. Much of the focus has been put on the nodal 
components and on physically compact devices, such as power electronic switches. These 
new devices introduce an increased level of harmonic and inter-harmonic frequency 
components into the network. The rising presence of non-fundamental frequencies in the 
power system requires a re-evaluation of component and system behavior, resulting in the 
development of new component and system models.  
This thesis concentrates on the electric power transmission lines as part of the 
modern power system under these emerging operating conditions.  In this chapter, the 
following topics are presented: 
• A background and motivation for the work, including its relationship to prior 
studies; 
• A brief review of transmission line modeling; and 
• An overview of the thesis organization. 
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1.2 BACKGROUND AND MOTIVATION 
Power systems exhibit both fundamental and non-fundamental frequency 
components [1]. Please note that by fundamental frequency, 60 Hz or 50 Hz frequency is 
meant.  Approximately up to the 15th harmonic component is introduced in the network in 
a capacitor switching scenario. Additionally, in both terrestrial and shipboard power 
systems, there has been an increasing use of power electronic devices, which introduce a 
high level of harmonics and inter-harmonics in the network. Common power electronic 
devices introduce up to the 39th harmonic [2]. Consequently, an important emerging 
characteristic of modern power systems is the increased level of non-fundamental 
frequency components present in the network and attributed to the augmented use of 
power electronic switches. Please see Figure 1. 1 for a graphical example of power 
system with two compensators and multiple frequencies. 
 
Figure 1. 1 Example of a Power System with Multiple Frequencies 
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Currently, the non-fundamental frequencies are filtered out both passively and 
actively, resulting in unused energy. A question then may rise: could the energy in these 
frequencies be utilized instead?  It is possible that the unused energy present in the non-
fundamental frequency components could be stored in specific locations and/or in the line 
itself; and could be converted back in a useful manner. Then, studying the effects that 
these harmonics and inter-harmonics would have on the network if not filtered out gains 
relevance, especially with respect to energy storage research.  
However, power transmission line models have been historically developed 
purposely for studies at the fundamental frequency and under nominal operating 
conditions. The appropriateness and limitations of these models with respect to the new 
introduced frequencies then need to be re-evaluated.  Please note that the intended 
application of this work is for system studies, rather than component studies. Therefore, 
the transmission lines will be viewed as part of the network. 
Traditional power transmission line models often assume uniformly distributed 
parameters or a lumped parameter configuration, such as gamma (Γ) or pi (π) forms. A 
review and justification of these models is presented in the following sub-section (1.3). 
These line models imply constant resistance, inductance, and capacitance values, 
independent of frequency, and are derived under the following main assumptions:  
A1. The external conditions are constant along the line, 
A2. The material characteristics are also constant through the entire length of the 
cable, 
A3. A uniform current density is present along the line.  
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Commonly adopted power system state estimators and energy management 
systems are concerned with the steady-state nodal behavior of the system. Therefore, to 
determine the non-measured states, they utilize a single lumped parameter model of the 
transmission line [3][4], which is proven to be acceptable to represent the line terminal 
behavior at the fundamental frequency.  Harmonic power flow tools also adopt a single 
lumped parameter model, and although the impedance of the line is adjusted according to 
the harmonic frequency level, the line model structure is fixed for all frequencies. 
The presence of the harmonic and inter-harmonic components in modern power 
systems is believed to have a strong impact on power transmission line behavior that 
would require revisiting commonly used models. In particular, the simple lumped 
equivalent circuit, while sufficient for studies at fundamental frequencies, may not be 
suitable in studies concerning higher frequencies. An investigation of the impact on the 
lines of these frequency components would assist in the development of new frequency 
dependent models. Thus, transmission line models are re-evaluated in this work. 
 
1.3 PRIOR WORK 
Historically, research work on frequency dependent transmission line models has 
been performed with a focus on transient analysis [5]-[8] rather than on steady-state 
system studies.  In [5] through [7], the authors considered and suggested models with 
frequency-dependent parameters, but not frequency-dependent model structures. In these 
previous studies, in order to assess model behavior, frequency metrics are used. Also 
revolving around switching transients is the work presented in [8], where an Equivalent 
Impedance Test concept was introduced to analyze transmission line characteristics and 
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performance of the model. In [8], it was concluded that a transmission line can be 
represented through a cascade of π-equivalent circuits, but also that for accurate modeling 
the maximum line length represented by each π-circuit section is constrained by the 
frequency range. Please note that cascaded π-circuits had already been used in several 
works, as for example in [9] and [10], for modeling the frequency dependence of the line 
parameters and to represent each of the line modes. 
Limited research has been performed on the relationship between line model 
segmentation and model accuracy [11]- [16]. Generally, previous work on the subject has 
revolved around switching studies.  In [11], Wilson and Schmidt analyzed the behavior of 
segmented transmission line models over a frequency spectrum and for two loading 
conditions: open circuit and short circuit. The metrics used in [11] to determine model 
accuracy are the circuits’ natural frequencies. The work brought to the conclusion that 
commonly used lumped line models are inaccurate above the natural frequency of one 
section. Number of sections was then also related to line length.  
In general, the work presented in this thesis differentiates itself from previous 
work in terms of its scope and intended application. Previous works identify limits to 
transmission line models, often with respect to frequency metrics.  This work focuses on 
nodal metrics and provides a procedure on how to construct new line models when the 
existing ones become inaccurate.  Also, the intended application of the work is system 
studies, rather than detailed component behavior analysis.  In fact, in large-scale power 
system, there may not be the time or the need to utilize dynamic models of the system 
components, which would greatly increase computation difficulty and time. 
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In the following sub-section, a review of transmission line modeling will be 
presented. An overview of the distributed parameter line model will be shown, as well as 
a brief derivation of the lumped parameter model. 
 
1.4 TRANSMISSION LINE MODELING 
Figure 1. 2 depicts an example of electric power transmission lines. Transmission 
lines are an important component of an electric power system. They enable transmission 
of electricity from the power plants to the consumers by carrying electric power from one 
end of the line (sending-end) to the other (receiving-end). [17] and [18]. 
 
Figure 1. 2 Photograph of Power Transmission Lines  
– From U.S. National Archives and Records Administration, “Ansel Adams Photographs” 
http://www.archives.gov/research/ansel-adams/images/aab03.jpg, (12-3-2007) 
A line has four distributed electrical parameters affecting the way it transmits 
electric power from sending to receiving end: series resistance, series inductance, shunt 
capacitance, and shunt conductance. The distributed resistance and inductance form the 
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series impedance of the line, while the capacitance and the conductance present between 
conductors or conductor to neutral form the shunt admittance of the line.  The value of 
these parameters depends on the cable material characteristics and on the electric and 
magnetic fields along and around the conductors. Therefore, the geometrical 
configuration of the lines also plays an important role in the determination of these 
parameters.   
The line resistance is discussed here as an example of line parameter. It is defined 
by: 
2  
LossPR
I
= Ω  
where 
:  Effective Resistance of a Conductor
:  Power Loss in a Conductor (W)
:  rms Current in the Conductor (A)
Loss
R
P
I
 
Please note that this definition is most applicable at steady-state, since one or more cycles 
are needed to determine the rms current in the conductor.  If A1-A3 hold, the effective 
resistance is equal to the dc resistance of the conductor: 
 oR A
ρ
= Ωl  
where 
:  DC Resistance of the Conductor
:  Resistivity
:  Length
:  Cross-Sectional Area
oR
A
ρ
l
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For direct current, the current distribution throughout a conductor is uniform (therefore 
the term “DC Resistance”), but with alternating current as the frequency increases, the 
non-uniformity increases and skin effect must be considered. 
In order to study the line as part of the power system, it is important to be able to 
determine how line parameters influence the flow of power through the system. The line 
behavior in terms of wave propagation is of interest. Specifically, voltage and current 
relationships along the lines are needed. Given A1-A3, a theoretically sound method to 
model transmission lines is through a uniformly distributed parameter configuration, the 
distributed parameter model.  
A simplification of this model is more commonly utilized for studies on power 
system behavior, such as state estimators and energy management systems. These tools 
are mostly interested in the nodal behavior of the system, and therefore on the line 
terminal behavior. Also, they are time-sensitive tools, in which calculation using the 
distributed parameter model would be time-consuming and relatively difficult. Therefore, 
a simplified line model is often used.  The simplification of the distributed parameter 
model consists on adopting a lumped parameter configuration of the line that maintains 
the same terminal behavior as the distributed line model. Examples of these simplified 
models are the pi and gamma forms. 
The next two subsections will present a review of the distributed parameter model 
and of the lumped parameter models, respectively. The focus will be put on showing why 
the lumped parameter models are so widely used and why they are considered acceptable. 
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1.4.1 THE DISTRIBUTED PARAMETER MODEL 
In the distributed parameter model, the line parameters are uniformly distributed 
throughout the length of the line. The four line parameters previously identified (series 
resistance, series inductance, shunt capacitance, and shunt conductance) are in fact 
quantified in per unit length. The model is then obtained as a summation of differential 
sections (or segments). A differential section of the line model is made of two 
components: a series impedance z and a shunt admittance y, quantified respectively by 
z r j lω= +  Series impedance per unit length 
y g j cω= +  Shunt admittance per unit length to neutral 
where 
 
:  Angular Frequency (rad/sec)
:  Series Resistance (Ω per unit length)
:  Series Inductance (H per unit length)
:  Shunt Conductance (S per unit length)
:  Shunt Capacitance (F per unit length)
r
l
g
c
ω
 
A differential section of the distributed line model is shown in Figure 1. 3 for a section of 
length dx. Its series impedance and shunt admittance are then z dx and y dx, respectively. 
Please note that:  
• The S subscript stands for sending-end, which corresponds to the point x = l ,  
 where  is the line lengthl , and 
• The R subscript stands for receiving-end of the line, where 0x = . 
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l  
Figure 1. 3 Representation of the Distributed Parameter Model 
With line parameters, voltage and current quantities as defined in Figure 1. 3, the 
relationships between the terminal voltages and currents can be defined with the 
following 1st-order differential equations: 
dV zI
dx
dI yV
dx
=
=
 
Or with one of the following 2nd-order equations: 
2
2
2
d V yzV V
dx
γ= =  in terms of  Voltage  
or 
2
2
2
d I yzI I
dx
γ= =   in terms of Current 
In which, 
yzγ ≡  is the Propagation Constant 
 
 11
Solving the differential equations gives the following voltage and current 
equations in terms of x, point along the line: 
( ) ( )
( ) ( )
cosh sinh
cosh sinh
R c R
R
R
c
V V x Z I x
VI I x x
Z
γ γ
γ γ
= +
= +
 
where 
c
zZ
y
≡  is the Characteristic Impedance of the line 
As mathematically expressed by the above equations, with the distributed line model the 
steady-state voltages and currents can be determined at any point along the line. 
However, the relationship between the terminal voltages and the terminal currents, i.e. at 
the sending and receiving ends, are often sufficient in power system studies since nodal 
analysis is conducted: 
( ) ( )
( ) ( )
cosh sinh
cosh sinh
S R c R
R
S R
c
V V Z I
VI I
Z
γ γ
γ γ
= +
= +
l l
l l
 
These equations can be re-written in matrix form as follows: 
S R
S R
V VA B
I IC D
⎡ ⎤ ⎡ ⎤⎡ ⎤
=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦
 
where 
cosh                sinh
1 sinh            cosh
c
c
A B Z
C D
Z
γ γ
γ γ
= =
= =
l l
l l
 
A lumped parameter model of the line is then created to be an equivalent circuit with the 
same transmission parameters, A, B, C, and D, as the distributed line model. The 
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relationships of terminal voltages and currents are therefore maintained, but information 
on voltage and current propagation along the line is lost. 
 
1.4.2 THE LUMPED PARAMETER MODELS 
Common examples of lumped parameter models are the pi (π) and the gamma (Γ) 
models shown in Figure 1. 4 and Figure 1. 5, respectively. The lumped-equivalent 
circuits are obtained by selecting the model components Z’ and Y’ so that the terminal 
behavior of the distributed line model is preserved with the use of passive elements.  
'Z
'
2
Y '
2
Y
 
Figure 1. 4 Example of Lumped Parameter Model: π-Equivalent Circuit 
'Z
'Y
 
Figure 1. 5 Example of Lumped Parameter Model: Γ-Equivalent Circuit 
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The voltage and current relationships for these equivalent circuits are simply 
obtained by applying Kirchoff’s voltage law (KVL) and current law (KCL).  Then, by 
equating the corresponding transmission parameters with the parameters of the 
distributed model and by using some substitutions and trigonometric identities, the 
appropriate Z’ and Y’ are determined: 
Æ 
( )' sinh
' 1 tanh
2 2
c
c
Z Z
Y
Z
γ
γ
=
⎛ ⎞
= ⎜ ⎟⎝ ⎠
l
l  
At the fundamental frequency, the lumped model is in fact proven to have 
accurate terminal behavior with respect to the distributed parameter model, which is an 
important characteristic of these models since state estimators focus on nodal 
components. Also, with the use of passive lumped elements rather than distributed 
parameters, the computational burden is greatly reduced by avoiding integration.  
In this thesis, the line models are re-evaluated in terms of their terminal behavior 
under higher harmonic and inter-harmonic frequency components and a new modeling 
tool is proposed. A transmission line modeling approach is presented to obtain a higher 
level of accuracy in representing transmission lines at non-fundamental frequencies. A 
comparison of the terminal behaviors between the distributed parameter and the finitely-
segmented lumped models is made based on selected metrics. The tool then determines 
the appropriate segmentation of the line model for the desired accuracy and frequency 
range, and is validated through hardware testing. 
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1.5 ORGANIZATION OF THESIS 
This thesis is organized as follows: 
• In Chapter 2, the problem statement is presented.  The desired outputs of the 
modeling tool and the selection process of the appropriate metrics are introduced. 
• In Chapter 3, specifics of the proposed transmission line modeling approach are 
introduced. The chapter includes the metrics chosen for the method, and a 
description of the two main phases of the approach: 1. the determination of the 
line model behavior, and 2. the determination of the line model segmentation 
using the selected metrics. 
• In Chapter 4, the hardware validation approach is presented. A detailed 
description of the developed hardware test setup and testing measurement system 
is included. 
• In Chapter 5, the modeling tool experimental results and observations are shown 
for tests made on specific lines of given cable type and length. Results of a load 
sensitivity study are also presented in this chapter. 
• Finally, in Chapter 6 the research accomplishments and contributions of this 
thesis are summarized, and a discussion of the future work and vision is 
presented. 
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2. PROBLEM STATEMENT 
2.1 OVERVIEW 
The commonly used single lumped equivalent circuit of a transmission line, while 
appropriate for fundamental frequency studies, may not accurately represent the line at 
higher frequencies. The increasing presence of non-fundamental frequencies in the 
modern power system has a significant impact on the line behavior and calls for a re-
evaluation of transmission line models.  
In this thesis, equivalent circuit representations of a line are developed in order to 
improve upon model accuracy at non-fundamental frequencies. Specifically, appropriate 
model structure, i.e. segmentation and lumped parameter values of each segment, is 
selected based on the model accuracy.  In order to assess the accuracy of a line model, a 
set of metrics is chosen. 
In this chapter, the problem statement is articulated in terms of the choice of 
metrics, Section 2.2, and the desired outputs of the modeling tool, i.e. the model 
segmentation and the segment parameter values, Section 2.3. 
 
2.2 METRICS 
The validity of traditional transmission line models is verified by investigating 
their behavior at non-fundamental frequencies.  A sensible set of metrics is selected to be 
able to compare and contrast the models and determine the most appropriate way to 
represent a line at the desired frequencies.  
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Desired characteristics of the set of metrics include: 
1. To be based on the model terminal behavior, i.e. sending and receiving ends; 
2. To be insensitive to load variations. 
The first characteristic is related to the fact that the intended application for this work is 
system studies, in which the nodal behavior of the line is of interest; therefore the line 
model is required to have an accurate terminal behavior.  The second characteristic stems 
from the high likelihood of frequent load changes in electric power systems, and the 
desire to maintain the same line model for each loading condition. 
 
2.3 MODEL SEGMENTATION AND SEGMENT PARAMETER VALUES 
The main objective of the work is to develop, based on the chosen set of metrics, 
a systematic way of modeling transmission lines to obtain a specified level of accuracy at 
the non-fundamental frequencies of interest.  Specifically, the number of segments in the 
model and the parameter values of each segment are to be selected.   
In order to determine how accurate a line model is, a benchmark behavior must be 
selected.  Several assumptions are made when modeling the line:  
A1. The external conditions, e.g. ambient temperature, are constant along the line, 
A2. The material characteristics are also constant along the entire length of the line,  
A3. The current density is uniform along the line.  
Given these assumptions, and since transmission line parameters are distributed along the 
length of the line, the uniformly distributed parameter model mathematically represents 
the transmission line, as shown in Section 1.3.1.  As a result, the distributed parameter 
equivalent circuit is considered to be the benchmark in modeling the correct transmission 
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line behavior.  It is noted that the distributed line model assumes no reflected wave; 
therefore the tool would give valid results especially when the line is loaded with 
impedances close to the line characteristic impedance. 
Frequency characteristics of the distributed line model can be determined 
analytically or through software simulation. The behavior of the lumped equivalent line 
models can then be obtained at the same frequencies, and can be compared to the 
benchmark through a set of defined metrics.  A generic one-segment Г model is shown in 
Figure 2. 1.  Please note that although other lumped parameter models, such as the pi (π) 
form, could have been selected, the Г model was chosen because of its ease in hardware 
validations, which will be discussed in Chapter 4. 
,K iZ Γ
,K iCΓ
,K i
Si
Γ ,K i
Ri
Γ
,K i
Ci
Γ
,K i
Sv
Γ ,K i
Rv
Γ
,K i
SegmentZ Γ  
Figure 2. 1 Diagram of the i-th Segment of a Г Line Model 
The following notation holds: 
,
    :  Total number of segments
      :  Segment number from sending end, 1, 2, ... , 
:  Voltage waveform at the sending-end of the -th segment of the - Γ segment 
            model
K i
S
K
i i K
v i KΓ
=
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,
,
:  Current waveform through the -th segment of the - Γ segment model, 
           seen at the sending-end
:  Voltage waveform at the receiving-end of the -th segment of the - Γ segment 
   
K i
S
K i
R
i i K
v i K
Γ
Γ
,
,
         model
:  Current waveform through the -th segment of the - Γ segment model, 
           seen at the receiving-end
:  Current waveform through the shunt capacitor in the -th segment 
K i
R
K i
C
i i K
i i
Γ
Γ
,
,
of the - Γ  
           segment model, seen at the receiving-end
:  Series impedance of the -th segment of the - Γ segment model
:  Capacitance at the receiving-end side of the -th segment of
K i
K i
K
Z i K
C i
Γ
Γ  the - Γ segment 
            model
K
 
 
Finitely segmented models can accordingly be created by dividing the single lumped 
parameter circuit into K number of segments. Figure 2. 2 shows the base model of a 
lossless finitely segmented line, where K is the number of segments.  
TotalL
K
TotalC
K
LoadR
TotalL
K
TotalL
K
TotalL
K
TotalC
K
TotalC
K
TotalC
K
 
Figure 2. 2 K-Segment Γ Line Model of a Lossless Line 
 
For example, equally segmented line models can be obtained by uniformly dividing the 
basic Г line model into the number of segments, K, e.g. by dividing the total resistance, 
inductance, and capacitance of the line by K: 
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,   ,   and                1, ... , 
Total Total Total
i i iR L CR L C i K
K K K
= = = ∀ =  
Please note that this particular segmentation of the line would also correspond to equal-
length segments. For a graphical representation of this concept, please see Figure 2. 3, 
where 1 through 4 segment models of the Γ type are shown in relations to line length. 
x (km) l 3l/4 2l/3 l/2 0l/4l/3
1
2
3
4
K
1,1CΓ
2,1CΓ2,2CΓ
3,1CΓ3,2CΓ3,3CΓ
4,1CΓ4,2CΓ4,3CΓ4,4CΓ
1,1Z Γ
3,1Z Γ3,2Z Γ3,3Z Γ
4,1Z Γ4,2Z Γ4,3Z Γ4,4Z Γ
2,1Z Γ2,2Z Γ
 
Figure 2. 3 Equally Segmented Line Models for the Г-Model Type 
As the number of segments K increases, the model tends to the distributed 
parameter model. Therefore, it is reasonable to assume that the behavior of the model 
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with the greatest number of segments is the most accurate, i.e. the closest to the 
benchmark.  However, one of the main advantages of using lumped parameter models 
over the distributed parameter model is to avoid the computational challenges posed by 
solving differential equations. Therefore, in order to maintain the simplification qualities, 
in terms of calculation, given by lumped parameter models, a compromise can be made 
between model accuracy and model segmentation. 
Also, the accuracy level of line models does not keep constant, but varies 
depending on the frequency of operation. As a result, the different finitely-segmented 
models are to be compared to the benchmark at the frequencies of interest, in order to 
assess their accuracy level at those specific frequencies.  
The main purpose of this work is then to provide a tool to determine, for studies 
under non-fundamental frequencies, the following: 
• Appropriate segmentation of the line model, and  
• Corresponding parameter values of each segment 
A representation of this tool is shown in Figure 2. 4, in which the inputs are to be defined.  
Also, a set of metrics with the desired characteristics is to be selected to classify the 
differently-segmented line models in terms of accuracy with respect to the distributed 
parameter model. 
 
Figure 2. 4 Graphical Representation of the Desired Line Modeling Tool 
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The following chapter introduces the proposed line modeling tool in its specifics. 
The selection process of the metrics is presented, as well as the methodology used to 
obtain frequency characteristics of the line models. A step-by-step procedure is also 
identified to determine the appropriate line model segmentation using the proposed 
metrics. 
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3. PROPOSED MODELING APPROACH 
3.1 OVERVIEW 
This thesis proposes a modeling approach for electric power transmission lines in 
the presence of non-fundamental frequencies. The goal is for the model behavior to 
achieve user defined accuracy levels for a given range of frequencies. The approach 
consists of determining frequency characteristics of the distributed line model and of 
various segmented models, and comparing them through a set of metrics. 
In this chapter, the proposed line modeling tool is presented. First, the metrics 
chosen for the modeling approach are introduced in Section 3.2. Then, in Section 3.3 the 
methodology used to obtain line model behavior at different frequencies is shown. A 
step-by-step procedure is subsequently identified in Section 3.4 to determine the line 
model segmentation using the selected metrics.  
 
3.2 SELECTION OF METRICS 
As previously discussed in Chapter 2, the behavior of the uniformly distributed 
line model is used as the benchmark in the proposed modeling approach. Differently-
segmented line models are then studied and compared to the benchmark, and their 
frequency characteristics are investigated. In order to assess and quantify differences in 
line models’ behavior, a set of metrics was chosen.  
Main desired characteristics of the set of metrics were identified in the previous 
chapter, and are summarized here: 
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1. The metrics should be based on the model terminal behavior, i.e. sending and 
receiving ends; 
2. The metrics should be relatively insensitive to load variations. 
It was selected that the model performance would be characterized through wave 
propagation, including wave attenuation and phase shift. Specifically, the difference in 
load voltage magnitude, i.e. at the receiving-end of the line, and the difference in phase 
between the distributed and the segmented line models are to be analyzed to quantify the 
model accuracy with respect to the distributed model:  
Distributed Segmented
load loadV V V∆ = −    -  Difference in load voltage magnitude 
Distributed Segmented
load loadθ θ θ∆ = −  -  Difference in load voltage phase 
Please note that voltage waveforms were chosen rather than current mostly because 
current depends on the load and consequently the model behavior in terms of current 
would be highly sensitive to the loading conditions. Power or impedance metrics were 
also not chosen for similar reasons.  Percentage error or relative error could have also 
been selected; however, they were not selected here because ill-conditioned values may 
be encountered, especially with voltage phase angles. 
In order to justify the selection of metrics, line model behavior was studied for a 
range of loading levels with a focus on load sensitivity. While the model voltage 
attenuation and phase shift were shown to be sensitive to the load, the quality of the 
segmented models’ performance with respect to the distributed line model was not 
greatly altered by the load. This demonstrates that voltage magnitude and phase can be 
appropriate metrics for the comparison of distributed and segmented line models. Results 
of the load sensitivity study are shown in Section 5.2 for an example line. 
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The desired accuracy level of the model is expressed in terms of threshold values 
for the load voltage attenuation and for the load voltage phase shift. These thresholds are 
expressed as follows: 
 ThresholdV∆       - Threshold value on difference in load voltage magnitude 
 Thresholdθ∆       - Threshold value on difference in load voltage phase 
Please note that both ThresholdV∆  and Thresholdθ∆  are set according to the desired accuracy 
of the resulting line model, and would depend on the application for the model. The 
model’s intended use and anticipated operating scenario may assign a required accuracy. 
For example, in applications utilizing measurement, such as state estimators, the meter 
measurement error could be used to set the model accuracy.  It is also up to the user to 
decide, based on the model’s application, whether the voltage attenuation or the phase 
shift plays a more important role. As will be shown from the experimental results in 
Chapter 5, the phase shift metric would generally result in a more conservative choice. 
However, in certain applications, such as studies concerning reactive power, the voltage 
magnitude would be of more interest. 
 
3.3 DETERMINATION OF LINE MODEL BEHAVIOR 
The uniformly distributed parameter model is used as benchmark for the proposed 
modeling approach. The behaviors of differently segmented line models are then 
compared to the benchmark behavior through the set of metrics. The line model 
behaviors are obtained through simulation using Cadence PSpice, which is a state-of-the-
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art simulation tool. Specifically, Cadence PSpice is utilized to simulate 1. a distributed 
line model and 2. varying segmentations of the given line.  In particular: 
1. A distributed line model of the given line.  
The distributed parameter behavior of the line is obtained through simulation using 
the distributed line model embedded in Cadence PSpice [19]. Please note that this is 
a uniformly distributed model where the line parameters, R, L, and C are 
independent of frequency. A frequency sweep in the desired frequency range is 
performed and load voltage magnitude |Vload| and phase 
loadV
θ are monitored to 
quantify wave attenuation and phase shift. A general PSpice schematic for a 
distributed parameter line model is shown in Figure 3. 1. 
 
Figure 3. 1 Example of PSpice Schematic for the Distributed Line Model 
2. Varying segmentations of the given line.  
For uniformly segmented models, R, L, and C are equal for each segment of the 
same model. Also, in this work, the segmented parameters are kept fixed with 
respect to frequency. The models are then simulated for the desired frequency 
range, and |Vload| and 
loadV
θ  are recorded. An example of PSpice schematic for the 3-
segment gamma model type is shown in Figure 3. 2. 
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Figure 3. 2 Example of PSpice Schematic for the 3-Segment Γ Model 
 
3.3.1 SOFTWARE SIMULATION SETUP 
 The distributed line model of a given transmission line and the different model 
segmentations of the same line are constructed in Cadence PSpice. Please note that 
equally segmented line models can be obtained by uniformly dividing the basic single 
segment line model into the number of segments, K. However, non-uniform segmentation 
of the line models can also be studied. 
A common Vac source is connected to the sending-end of each of the distributed 
and segmented models, and a load of equal ohmic value is connected to each of the 
receiving-ends. A linear AC sweep is performed. Start and end frequencies are set 
depending upon the user selected frequency range of interest. Figure 3. 3 shows an 
example of PSpice schematic used to simulate the distributed and the 1 through 10-
segment models of a line. 
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Figure 3. 3 PSpice Schematic for Distributed and 1 through 10-Segment Γ Models 
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3.4 DETERMINATION OF LINE MODEL STRUCTURE 
The proposed transmission line modeling tool determines the appropriate model 
segmentation for a line of given cable type and length at specific frequencies of interest, 
based on a desired level of accuracy. Specifically, the desired model accuracy is 
expressed in terms of selected threshold values for the voltage attenuation and the phase 
shift. A graphical representation of the Inputs and Outputs of the modeling approach is 
shown in Figure 3. 4. 
l
 
Figure 3. 4 Proposed Modeling Approach: Inputs and Outputs 
The proposed modeling tool requires the following inputs: 
I1. Transmission line length,l ; 
I2. Cable type, with given impedance and admittance per unit length values; 
I3. Desired lumped parameter model type, such as π or Γ forms; 
I4. Frequency range of interest; unless otherwise specified by the user, the 
highest frequency in the range is given priority, i.e. the highest priority 
frequency is the first one to be studied.  
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The desired load voltage magnitude and phase shift thresholds ( ThresholdV∆  and Thresholdθ∆ ) 
are selected as parameters. Please note that both ThresholdV∆  and Thresholdθ∆  are set 
according to the desired accuracy of the resulting line model, and would depend on the 
application for the model. 
The tool outputs consist of: 
O1. Required number of segments, K 
O2. Lumped parameter values ( , , and i i iR L C ) for each segment i 
( 1, ... , i K∀ = ).  
Thus far, the work has been focusing on uniform segmentation of the line model; 
therefore the lumped parameter values of each segment would be equal to each other: 
,  ,  and            1, ... , i i i i i iR R L L C C i K= = = ∀ =  
Each of them would be obtained simply by uniformly dividing the total resistance, 
inductance, and capacitance of the line by the number of segments, K: 
,   ,   and                1, ... , 
Total Total Total
i i iR L CR L C i K
K K K
= = = ∀ =  
However, non-uniform segmentation of the line is also possible and can be used for 
example when the cable temperature varies along the length of the line, causing the line 
parameters to change. Please note that this non-uniformity of line parameters could not be 
represented with a distributed line model. 
 The following step-by-step procedure is identified: 
Step 0. Initialize K by setting 0K = . 
Step 1. Perform simulation of the distributed line model with given length (I1) 
and line parameters (I2) for all frequencies in the desired range (I4). 
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Record voltage attenuation and phase shift, DistributedloadV  and 
Distributed
loadθ  at 
each of these frequencies. 
Step 2. Set 1K K= + . 
Step 3. Develop and simulate the K-segment model of the given line in the desired 
type, i.e. gamma or pi (I3). Determine the parameters of each segment i 
( , , and i i iR L C ), e.g. for uniform segments divide the original values 
( , , and Total Total TotalR L C ) by K.  Perform a frequency sweep in the desired 
range, and monitor voltage attenuation and phase shift ( SegmentedloadV and 
Segmented
loadθ ). 
Step 4. Compare results from Step 1 and Step 3 at the highest priority frequency 
in the range, using the metrics of ∆V and ∆θ: 
  If   i)  Distributed Segmentedload load ThresholdV V V− > ∆    OR 
   ii)  Distributed Segmentedload load Thresholdθ θ θ− > ∆  
  Then go back to Step 2. 
  Else, continue. 
Step 5. Output the number of segments K, and the line parameters , , and i i iR L C   
for all segments i = 1, … , K . 
See Figure 3. 5 for a flow chart summarizing the approach.  It is noted that the logic OR 
was chosen here instead of AND for flexibility. According to the model’s application, 
just i) or just ii), or i) and ii) could be considered. 
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loadV
Distributed
loadθ
Segmented
loadV
Segmented
loadθ
>− ∆Distributed Segmentedload load ThresholdV V V
Distributed Segmented
load load Thresholdθ θ θ− > ∆
, , and i i iR L C
 
Figure 3. 5 Flow Chart of the Proposed Modeling Approach 
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For uniform model segmentation, it is expected for the segmented model to yield 
the distributed line model as K Æ ∞.  Therefore, the step-by-step procedure is expected to 
converge. The quality of the convergence has not been evaluated in this work and is left 
as part of the future work. 
Please note that, although not required in the approach, the highest frequency in 
the range is said to be given priority because the following assumption can be made: a 
line model accurate enough to represent a line at a certain frequency is also accurate 
enough to represent it at frequencies below it.  Demonstration of the validity of this 
assumption is shown in Chapter 5 where experimental results are presented.  Also, note 
that the modeling approach can be used to define the minimum segmentation number K 
to guarantee a desired accuracy up to a maximum frequency, i.e. for a selected accuracy 
level, the boundaries in terms of number of segments versus frequency can be 
determined.   
 
The proposed modeling approach was applied to specific lines of given cable type 
and length. The modeling guidelines given by the simulation tool were validated through 
hardware tests for select line model segmentations. An experimental setup has been 
specifically developed within the Drexel University power engineering laboratories to 
investigate the behavior of transmission line models at non-fundamental frequencies. The 
hardware validation procedure is explained in the following chapter. 
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4. HARDWARE VALIDATION APPROACH 
4.1 OVERVIEW 
The proposed line modeling tool has been validated through hardware tests 
performed within the Drexel University power engineering laboratories [20][21]. An 
instrumentation and measurement system has been designed and developed specifically 
to investigate frequency characteristics of transmission line models [15].  The platform, 
including the instrumentation and measurement system and power hardware, allows for 
the study of waveform propagation in lumped circuit equivalents of transmission lines at 
non-fundamental frequencies.  The experimental set up is composed of power hardware, 
measurement hardware, and a data acquisition and hardware control system.  
In this chapter, the hardware validation approach of the proposed modeling 
method is presented. The power hardware is discussed in the next sub-section, followed 
by desired measurement system characteristics and the selected measurement hardware. 
In the last sub-section, the data acquisition and hardware control system designed to 
automate the experimental procedure is presented. 
 
4.2 POWER HARDWARE SELECTION AND SETUP 
While the power hardware setup has the capability to study multiple applications, 
its main experimental objectives are the following: 
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• To represent various line model configurations, including different lumped 
equivalent model types (e.g. gamma and pi forms), different number of segments 
within each model type, and models for several cable types and line lengths; 
• To enable studies of the transmission line model behavior over a wide range of 
frequencies. 
Thus, the power hardware test setup is composed of: 
i. AC Power Source from the utility (208 V at 60 Hz); 
ii. A controllable source (Kikusui PCR-6000W2 [22]), which enables a 
frequency variation from 0 to 500 Hz; 
iii. A transmission line box, which consists of numerous General Electric (GE) 
portable test reactors (Part #: 6054975 G1) [23] and capacitors allowing for 
flexible line model configurations and number of segments. Please note that 
external capacitor boxes have also been developed for additional flexibility; 
iv. A resistive load consisting of a rheostat. 
An example of power hardware test setup for a single Г segment model is shown in 
Figure 4. 1, while a photograph including power hardware components is shown in 
Figure 4. 2.   
 
Figure 4. 1 Example Power Hardware Test Setup for 1-Segment Г Model 
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Figure 4. 2 Photograph of Power Hardware Components 
The controllable power source currently used for the hardware testing [22] can 
generate frequencies up to 500 Hz, therefore including the 5th and 7th harmonics. 
However, please note that a different controllable source could enable repeatable 
hardware tests at frequencies higher than 500 Hz.  
In the transmission line box, GE portable test reactors and capacitors are used to 
mimic the transmission line behavior. Please note that GE developed these reactors 
specifically to represent transmission lines for the purpose of testing protective relays 
[23].  Each reactor was in-house tested at 60 Hz to develop its I-V characteristics [24].  
The average and standard deviation in R and L parameters at 60 Hz for the reactors used 
in the experimental tests are shown in Table 4. 1.  In order to recreate the desired models, 
the reactors were carefully chosen, with respect to their parameters at 60 Hz, to match as 
closely as possible the uniform segmentation kept in the line modeling approach.  Please 
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note that the reactors’ parameters were noted to vary with frequency, as will be shown in 
the next chapter. 
Table 4. 1 Average and Standard Deviation in Parameters  
for the Reactors Used in the Experimental Tests 
  ( )avgR Ω . ( )St DevR Ω (H)avgL .  (H)St DevL  
2-Ω Tap 0.3718 0.0455 0.0060 0.000451 
6-Ω Tap 0.7371 0.0414 0.0174 0.000229 
12-Ω Tap 1.4319 0.0379 0.0345 0.000477 
24-Ω Tap 2.7595 0.1391 0.0682 0.000959 
The capacitors used (GE A28F5602) are of the film-polypropylene type, with a 
capacitance of 0.25 uF and 1 uF that can be configured in series and/or parallel to form 
the shunt capacitance values needed for each model type.  It is noted that the load is a 
constant-resistance load consisting of a Rheostat, which was adjusted to maintain the 
same ohmic value for all tested models. Thus far, in this work loads other than constant-
resistance type loads have not been looked at.  The resistance value is selected based on 
measurement hardware accuracy, specifically current probes. Details are shown in the 
next section. 
 
4.3 MEASUREMENT SYSTEM CHARACTERISTICS AND SETUP 
In order to hardware validate the proposed line modeling approach, the 
measurement system is used to study wave attenuation and phase shift of the different 
line models. In particular, receiving-end voltages (magnitude and phase) at the various 
frequencies are needed.   
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However, in order to gain a more complete understanding of the model behavior 
and of the waveform propagation along the line, the measurement scheme has been 
developed and implemented to simultaneously measure both voltage and current 
waveforms at four points along the segmented model. By externally triggering the 
measurement equipment, synchronized measurement is assured for phase determination. 
The measurement equipment records the voltage and current waveforms via 
voltage probes (Tektronix P5200) and current probes (Yokogawa 701933) and two four-
channel oscilloscopes (Tektronix 3014B). The oscilloscopes are externally triggered 
through a function generator (Agilent 33220A) in order to simultaneously record up to 
eight waveforms. Figure 4. 3 shows the measurement hardware setup.  As an example, 
for a three-segment line model voltages and currents are recorded at each node, as shown 
in Figure 4. 4. 
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Figure 4. 3 Measurement Hardware Setup  
[25][26][27][28] 
 
Figure 4. 4 Setup of a 3 Г Segment Model with Measurement Locations 
The measurement hardware utilized in the setup has the following accuracy 
characteristics, stated in the equipment specification sheets: 
• Digital Oscilloscope Tektronix 3014B: Vertical Accuracy  2 %= ±  
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Horizontal Accuracy  0.002 % per sec/div= ±  
• Voltage Probe Tektronix P5200:  Accuracy  3 %= ±  
• Current Probe Yokogawa 701933:  Accuracy  2 %= ±  
The total measurement error is then determined to be: 
( )
( )
% Error for Voltage 3 2 %  6 %
% Error for Current 2 2 %  4 %
= ± × = ±
= ± × = ±
 
Please note that the accuracy of the current probes is expressed as ± 2 % in the worst-case 
scenario. The accuracy depends on the current level seen by the probe: 
0 to 30 Arms: ± 1 % of the reading ± 1 mV, 
 where the output voltage rate is 0.1 V/A.         [27] 
Thus, in order to maintain the specified accuracy, the ohmic value of the resistive load 
used in the hardware tests was chosen based on the current level seen at high frequencies. 
Initial experimental tests have been performed by manually setting the 
controllable power source to the desired frequency and voltage output levels. The 
oscilloscopes were triggered by the external function generator. The captured waveforms 
were then manually recorded directly from the oscilloscopes using floppy discs. 
In order to gain a certain level of confidence in the test results, a Student T test on 
the initial experimental data was performed.  A data sample number of 100 was selected, 
and would result with 98% confidence level in: 
• RMS Voltages within 40mV±  from the average, 
• RMS Currents within 0.7mA±  from the average,  
for all frequencies and for all measurement points.  Please note that 40mV±  and 0.7mA±  
are approximately 0.035% and 0.05% of the average RMS value of voltage and current, 
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respectively.  As will be shown in the next section, these confidence levels were obtained 
from the hardware tests.  
The large number of frequency sweeps and associated recorded data, and the 
continual control of the power and measurement hardware raise the need for an 
automated instrumentation and measurement system, as in most power system studies 
[29].  Therefore, a software interface has been developed to remotely control the power 
supply, the function generator, and the oscilloscopes, to automate the data acquisition 
process, and to post-process the measured data. The following subsection details this 
system. 
 
4.4 DATA ACQUISITION AND HARDWARE CONTROL SYSTEM 
A software interface was developed with the purpose of automating transmission 
line model tests used to validate the proposed modeling approach.  Specifically, a 
frequency sweep is conducted on the power hardware, and the data is recorded and 
processed at each frequency.  Please note that the developed data acquisition and control 
system could be adjusted to handle different types of experiments as well. 
The software has been developed in National Instruments LABView 7.1.  In 
addition to the LABView software, drivers for the following hardware components are 
required and can be obtained from the National Instruments website: 
• Tektronix 3014B Oscilloscope 
• Agilent 33220A Function Generator 
• Kikusui PCR6000W2 Power Supply 
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The measurement equipment (the two oscilloscopes and the function generator), as well 
as the power supply, are controlled via a General Purpose Interface Bus (GPIB) based on 
the IEEE-488.1-2003 standard.  A photograph of the complete test setup is shown in 
Figure 4. 5. 
Data Acquisition
And Hardware
Control System
Power Hardware
Measurement Hardware
Note GPIB Connections
 
Figure 4. 5 Photograph of the Complete Test Setup 
Before the software can be executed, the choice of the test parameters must be 
made using the interface shown in Figure 4. 6.  These parameters include: i. the number 
of runs to be executed, ii. the frequency increment, and iii. the GPIB addresses of each 
hardware component controlled by the software. Please note that a “run” is defined as a 
frequency sweep from the starting value to the highest test value and then back to the 
starting value, with step size defined by the frequency increment. Also note that the 
frequency range and the desired source voltage are set by default to 0 - 500 Hz and 120 
Vrms, respectively. However, they can be altered through the LabVIEW code. 
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Figure 4. 6 Screen Capture of the Hardware Configuration Tab  
of the Data Acquisition and Hardware Control System 
Once the test parameters are selected, the software can be executed.  The flow of 
the software execution is displayed in Figure 4. 7 and it consists of a two-loop process. 
The inner loop is the core of the software execution, in which: 
Step 1. The power and measurement hardware are configured,  
Step 2. The power is applied to the system, 
Step 3. The scopes are triggered and the data is recorded, 
Step 4. The measured data is processed and saved, 
Step 5. The process is repeated for the next case, i.e. the next frequency depending 
on the frequency increment, until the run is completed. 
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Figure 4. 7 Flow Chart of the Data Acquisition and Hardware Control System 
Please note that in Step 1 the power supply is set to the given voltage and frequency 
output levels, and the scopes’ horizontal and vertical window are configured and set to 
trigger based on the frequency level.   
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After the power is supplied to the circuit, a delay is applied before triggering the 
oscilloscopes to ensure steady-state conditions. The processing of the measured data 
includes computation, at each frequency in the run, of: 
• Cycle rms voltages and currents,  
• Phase angle of voltages and currents, calculated using Fast Fourier Transform,  
• Resulting transmission line and load parameters R, L, and C.   
Both the raw waveform data and the processed data are recorded to user specified paths 
and filenames.  The outer loop then consists of repeating this process for as many runs as 
desired, and as indicated in Figure 4. 6. 
The software interface also shows the oscilloscopes’ configuration and displays 
waveforms and some of the computed data.  A screen capture of the tab for the voltages 
is shown in Figure 4. 8 as an example.  The scope triggering source and level, as well as 
each channel configuration, can be adjusted via this screen.  The waveforms are plotted in 
the display window as they are acquired; the computed values of waveform average, rms, 
and phase in terms of V1 are displayed for each channel.  Please note that one data 
acquisition corresponds to 10,000 data points spread uniformly across the set oscilloscope 
horizontal window, which depends on the test frequency. 
Statistical properties achieved from the hardware experiments were very close to 
the desired statistical properties outlined in Section 4.3.  In fact, through the hardware 
tests, it can be concluded with 98% confidence level that: 
• The RMS Voltages are within a maximum of 45mV±  from the average, and 
• The RMS Currents are within a maximum of 0.75mA±  from the average. 
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Figure 4. 8 Screen Capture of the Voltage Data Acquisition Tab 
of the Data Acquisition and Hardware Control System  
In summary, an experimental setup has been developed to test frequency 
characteristics of transmission line models and therefore to verify the line modeling 
approach proposed in this thesis. A frequency sweep is performed in desired step 
increments.  For each of these frequencies and for each line model, the source voltage 
and current, and the load voltage and current are measured, along with selected voltages 
and currents along the line. The recorded waveform data is then post-processed to get 
voltage and current magnitude and phase, and line impedance.  In order to automate the 
test process, power hardware and measurement equipment are used in conjunction with a 
software interface that remotely controls the hardware and automatically acquires data.  
 
For demonstration purposes, the proposed modeling approach has been tested for 
specific lines of given cable type and length, and its results were validated using the 
hardware test setup presented here. The results obtained from the use of the modeling 
approach to given lines and from its hardware validation are shown in the next chapter. 
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5. EXPERIMENTAL RESULTS 
5.1 OVERVIEW 
 For validation and demonstration purposes, the proposed line modeling approach 
has been tested on specific lines, and its outcome has been compared to hardware test 
results.  In this thesis, results obtained from the application of the modeling approach to 
two lines are presented, as well as results from their hardware validation tests. The two 
specific lines are of same cable type, but different lengths. Comparisons of the results and 
detailed observations are made. 
In the next section, a load sensitivity study, in which line model performance has 
been assessed under different loading conditions, is presented.  In Sections 5.3, results of 
the modeling tool and its hardware validation are presented for a short-length line. 
Section 5.4 discusses the tool results and hardware test results for a long-length line.  
Finally, a summary of results and observations is given in Section 5.5. 
 
5.2 LOAD SENSITIVITY ANALYSIS 
The insensitivity to load variations had been selected to be a desired characteristic 
of the modeling tool metrics, i.e. voltage attenuation and phase.  Therefore, a load 
sensitivity analysis has been performed on the 170-mile Falcon line [16] to determine if 
the chosen metrics are appropriate in this respect.   
In previous work [11], Wilson and Schmidt analyzed the behavior of segmented 
transmission line models for two extreme loading conditions: open circuit and short 
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circuit. In this work, a range of loading levels has been looked at, including loads above 
and below the characteristic impedance of the line.  
 Specifically, the uniformly distributed line model and the 5-segment, 10-segment, 
and 20-segment models, have been simulated using Cadence PSpice. As frequency f was 
changed from 1 Hz to 10 kHz and as the load resistance varied from 100 Ω to 1.1 kΩ, the 
load voltage magnitude and phase angle were monitored.  Bode plots of the voltage 
magnitude and phase were created, and are shown in Figure 5. 1 through Figure 5. 9. 
The voltage attenuation of the distributed line model is shown in Figure 5. 1 and 
Figure 5. 2, where the difference between the two plots is that Figure 5. 1 is on a 
logarithmic scale of the frequency, while Figure 5. 2 is not. When looking at the voltage 
attenuation in the distributed line model, an almost completely flat response of the line 
loaded with a 300 Ω resistor is observed for all frequencies. This is expected, since this 
loading level is very close to the characteristic impedance of the line, which results in no 
wave reflection and therefore very small attenuation.  For all loading levels, the wave 
behavior follows the voltage propagation function for finite transmission lines: 
( ) ( ) ( )( )cosh sinhLoad Load CV x I Z x Z xγ γ= +  
where   
x :   distance in miles from the receiving-end of the line. In this case the receiving-
end is monitored, therefore 0x =  
ILoad :  current at the load 
ZLoad :  load impedance 
γ :  line propagation constant, defined for a lossless line as 2j LC j LCγ ω π= =    
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Figure 5. 1 Voltage Attenuation vs. Frequency for the Distributed Line Model (in Log. Scale) 
 
Figure 5. 2 Voltage Attenuation vs. Frequency for the Distributed Line Model 
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The load voltage phase angle of the distributed line model versus frequency is 
shown in Figure 5. 3. When looking at the voltage phase plot, simulation results illustrate 
that the load voltage is in phase with the source voltage approximately every 1.1 kHz, 
which corresponds to those frequencies that make the line length (170 miles) equal to an 
integer multiple of the wavelength λ (λ = c / f, where c is the speed of light and f the 
frequency).  The frequency values at which the phase shift is 0º, 90º, and 180º remain the 
same when varying load resistance, while the in-between phase angles vary with load 
resistance.  Also, it is noted that the frequencies at which the phase shift equals 0º or 180º 
correspond to the frequencies at which there is no attenuation in load voltage, while those 
frequencies where the phase shift is 90º correspond to the maximum wave attenuation 
points. 
 
Figure 5. 3 Voltage Phase Shift  vs. Frequency for the Distributed Line Model 
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 Figure 5. 4 through Figure 5. 9 show plots of voltage magnitude attenuation and 
phase shift in the finitely segmented models: the 5-segment, 10-segment and 20-segment. 
Through these simulation results, it can be seen that the behavior of the three finitely 
segmented line models differs from the distributed line model in the fact that the line 
attenuation becomes much greater and keeps increasing after a certain frequency, which 
is defined as “cut-off” frequency,  fc.  The “cut-off” frequency increases as the number of 
segments increases.  Also, it can be seen that the model loaded with the 300 Ω resistor is 
now not as close to the zero attenuation line as it was with the distributed line model. As 
the segmentation increases, the line model behaves qualitatively closer to the distributed 
line model for all frequencies and for all load levels. 
Similar observations can be made when looking at the phase characteristics. 
Again, the model behavior matches more closely the distributed line as the segmentation 
increases, and the “cut-off” frequency, increases as the number of segments in the model 
increases.  Also, it can be noticed that the phase shift starts settling to either 180º or 0º 
after the cut-off frequency is reached. As expected for even-number segments (10 and 20) 
the settling phase shift is 0º, while for odd-number segments (5) is 180º. 
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Figure 5. 4  Voltage Attenuation vs. Frequency for the 5-Segment Line Model 
 
Figure 5. 5 Voltage Phase Shift vs. Frequency for the 5-Segment Model 
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Figure 5. 6  Voltage Attenuation vs. Frequency for the 10-Segment Line Model 
 
Figure 5. 7 Voltage Phase Shift vs. Frequency for the 10-Segment Mode 
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Figure 5. 8 Voltage Attenuation vs. Frequency for the 20-Segment Line Model 
 
Figure 5. 9 Voltage Phase Shift vs. Frequency for the 20-Segment Model 
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 In order to quantify the dissimilarities that were qualitatively observed in Figure 
5. 1 through Figure 5. 9, a comparison in voltage attenuation as a function of frequency 
was made between each of the segmented line models (the 5-segment, the 10-segment, 
and the 20-segment) and the distributed line model. Results of this comparison are shown 
in Figure 5. 10 through Figure 5. 12. Figure 5. 10 shows the voltage attenuation versus 
frequency seen in the distributed and the segmented models when 300 loadR = Ω .  Figure 5. 
11 and the Figure 5. 12 show plots of the absolute difference in voltage attenuation 
between distributed and segmented models for a load resistance of 300 Ω and of 1 kΩ, 
respectively.  
 
Distributed
20-Seg.10-Seg.5-Seg.
 
Figure 5. 10 300 loadR = Ω , Voltage Attenuation vs. Frequency  
for the Distributed, and the 5, 10, and 20 Segment Models  
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Figure 5. 11 300 loadR = Ω , Absolute Difference in Voltage Attenuation  
Between the Distributed Line Model and the Finitely Segmented Models   
 
Figure 5. 12 1 kloadR = Ω , Absolute Difference in Voltage Attenuation  
Between the Distributed Line Model and the Finitely Segmented Models 
(20 dB) 
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The difference in attenuation between the finitely segmented line models and the 
distributed line model varies with the number of segments of the segmented models. 
However, it is noted that in both loading scenarios, 300 Ω (Figure 19) and 1 kΩ (Figure 
20), the attenuation difference is within the same accuracy levels. Specifically for both, 
the difference in attenuation stays within 10 dB up to a frequency of approximately: 
• 1.67 kHz for the 5-segment line model,  
• 3.3 kHz for the 10-segment model, and  
• 6.5 kHz for the 20-segment model.   
Therefore, it can be concluded that although the line model behavior has been 
shown to be sensitive to the loading level (Figure 5. 1 through Figure 5. 9) , the overall 
performance of the segmented models as compared to the distributed model is not greatly 
altered by the variation in load.  This demonstrates that voltage attenuation and phase 
shift are appropriate metrics for the proposed line modeling approach. 
In the following section, results of the application of the modeling tool to an 
example line are presented. In addition, hardware test results of select model 
segmentations are summarized. 
 
5.3 EXAMPLE LINE 1: 42-MILE LONG, FALCON CABLE TYPE 
In this first experimental demonstration, the inputs to the modeling tool are set to 
be the following: 
I1. Line length: 42-mile 
I2. Cable type: Falcon [30] 
I3. Model type: Gamma (Γ) 
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I4. Frequency range of interest: 10 Hz to 30 kHz 
The inputs I1 through I3 have been chosen for the ease in representing them with the 
power hardware already present in the Drexel University power engineering laboratories. 
In particular, Falcon cable in a Г model type has parameter characteristics that can be 
constructed with the GE reactors and the capacitor values present in the laboratory.  
Please note that longer length lines of the Falcon cable type can also be constructed, as it 
is shown in the next section.  The frequency range in input I4 has been selected because 
considered acceptable in power system studies with harmonics, i.e. frequencies higher 
than 30 kHz are not considered in this example. The power in any frequency component 
higher than that is considered negligible. 
The 42-mile-long line of Falcon cable has been designed and modeled with the 
following equivalent circuits: 
i. A distributed parameter model of the line, and 
ii. Various finitely-segmented Г-type models.  Specifically, 1 to 30 segment 
models were designed and simulated, and 1, 3, and 6 segment models were 
setup and tested in hardware. 
Please note that a 42-mile line for power transmission is considered a short-length 
line, i.e. 50 mi<l .  While in this work the shunt element is maintained to keep the tool 
general in terms of line length, in system studies the shunt charging due to shunt 
capacitance is often considered negligible for a short line (Y is very small), and the shunt 
element is neglected, i.e. ' 0Y ≈ . 
The Falcon cable in delta configuration has the following characteristics defined 
at the fundamental frequency of 60 Hz: 
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The inductance L and the shunt capacitance C are then calculated with the following, 
respectively:  
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where   :    l  is the length of the line in kilometers (receiving to sending end) 
As previously mentioned in Chapter 4, the load is a constant-resistance load and 
its ohmic value is kept the same for all the models, in both simulation and hardware. In 
order to ensure accurate current measurement in the hardware tests, the resistance value 
was selected to be approximately 85 Ω. 
The results of the line modeling tool applied to this example line are presented in 
the following sub-section 5.3.1. Specifically, a comparison is made, based on the selected 
metrics, between the behavior with respect to frequency of the finitely-segmented models 
and that of the distributed parameter model. Guidelines on appropriate model 
segmentation for this line are then given for selected accuracy levels.  In Section 5.3.2, 
the results of the hardware tests for this example line are presented and compared to the 
modeling tool output. 
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5.3.1 SOFTWARE SIMULATION RESULTS 
The distributed line model of the 42-mile long Falcon line has been developed 
and tested in PSpice for the frequency range of interest, i.e. 10 Hz to 30 kHz.  Hereafter, 
this is referred to as the benchmark. The finitely segmented Г models (1 to 30 segments) 
have also been designed and simulated for the same frequency range. As an example, the 
PSpice schematic for the 3-segment Γ model type of the 42-mile long line is shown in 
Figure 5. 13. 
 
Figure 5. 13 PSpice Schematic for the 3-Segment Γ Model of the 42-mi Falcon Line 
The differences between distributed and segmented models in terms of the 
metrics, Distributed Segmentedload loadV V V∆ = −  and 
Distributed Segmented
load loadθ θ θ∆ = − , were analyzed and 
the appropriate model segmentation for given accuracy levels was identified.  Figure 5. 
14 shows the load voltage attenuation difference versus frequency between the 
distributed model and select, simulated segmentations.  In this plot, it can be seen that the 
attenuation difference varies with the number of segments.  
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Figure 5. 14 Example Line 1 - ∆V vs. Frequency, 
Distributed and Finitely Segmented Models 
Specifically, the following observations can be made:  
• The difference in attenuation between distributed and segmented models stays 
within a defined accuracy level up to a certain “cut-off” frequency, which varies 
with the number of segments. 
• This “cut-off” frequency increases as the number of segments increase, i.e. as 
expected the segmented model behaves closer to the distributed model for a 
larger frequency range as the segmentation increases. 
• Above the “cut-off” frequencies, the greater the number of segments of the line 
model, the faster the model deviates from the distributed model.   
For example, the difference between the 15-segment model and the distributed parameter 
model in terms of voltage attenuation stays within 20 dB for frequencies up to 20.5 kHz, 
Accuracy (20 dB) 
3-Seg. “Cut-Off” 20-Seg. “Cut-Off” 
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while the 10-segment model stays within the same accuracy range only up to 13 kHz. 
Similar observations are made when looking at the difference in load voltage phase 
between distributed and finitely segmented models.  
Frequency upper bounds are determined for each segmentation scheme at a particular 
accuracy level.  For example, when selecting the following accuracy levels, i.e. threshold 
values: 1 dB, and  1 degThreshold ThresholdV θ= =∆ ∆ , the segmentation upper bounds on 
frequency for the 42-mile Falcon line are shown in Table 5. 1.  
Table 5. 1 Example Line 1 - Upper Bounds on Frequency  
at Each Segmentation and for Selected Accuracies, Obtained from Simulation Results 
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It is noted that when analyzing Table 5. 1 some observations can be made that can 
help in the development of an analytical relationship between number of segments and 
upper bounds on frequency.  In Figure 5. 15, plots of upper bounds on frequency versus 
number of segments, K, are shown for accuracies set to: 
1 dBThresholdV =∆  in terms of voltage magnitude, and  
1 degThresholdθ =∆  in terms of voltage phase shift.  
When looking at accuracy level with respect to voltage magnitude, where ∆V ≤ 1 dB, a 
discrete step behavior is observed. When taking into consideration accuracy level with 
respect to voltage phase, where ∆θ ≤ 1 degree (deg), a more linear behavior is noted. 
 
 
Figure 5. 15 Upper Bounds on Frequency vs. # of Segments for Selected Accuracies 
By following the proposed modeling approach for the given line, modeling 
guidelines are obtained for selected frequencies of interest and desired accuracy levels 
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with respect to the distributed model. As an example, guidelines are shown in Table 5. 2 
and Table 5. 3.  Please note that similar tables can be created for other frequencies of 
interest and desired accuracies, which would be selected according to the model’s 
intended use and anticipated operating scenario. It is also up to the user to decide, based 
on the model’s application, whether the voltage attenuation or the phase shift plays a 
more important role in the modeling decision process. 
 
Table 5. 2 Example Line 1 - Table of Results with Respect to Voltage Attenuation,  
Number of Segments vs. Model Accuracy 
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Table 5. 3 Example Line 1 - Table of Results with Respect to Voltage Phase Shift,  
Number of Segments vs. Model Accuracy  
 
 
5.3.2 HARDWARE TEST RESULTS 
 In order to validate the results obtained through the software simulation modeling 
approach, the segmented models of the 42 mile Falcon line have been created in 
hardware. Specifically, the 1, 3, and 6-segment gamma models have been setup and 
tested using the hardware setup that was presented in Chapter 4.  Results obtained from 
these hardware tests are shown in Figure 5. 16 through Figure 5. 19.  Please note that the 
benchmark behavior, i.e. the distributed parameter model of the line, is obtained with 
software simulation using the Cadence PSpice distributed line model. 
Figure 5. 16 displays the difference in |Vload| between the distributed line model 
(in simulation) and the segmented models (in hardware). All segmented models behave 
within 1dB difference to the distributed model and within hardware measurement error 
for all tested frequencies. This validates the results shown in Table 5. 2 where we can see 
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that at 500 Hz the 1-segment model is still sufficient to be within 1 dB difference from 
the distributed line model. It is also noted that the upper bound frequencies, as shown in   
, are greater than 500 Hz for all tested segmented models and cannot therefore be 
validated with the current hardware test setup. 
 
 
Figure 5. 16 Example Line 1 - |Vload| vs. Frequency  
for the Distributed Model (in Simulation), and the 1, 3, and 6-Segment Models (in Hardware Tests) 
In the results shown in Table 5. 3, it was concluded that for 1 degθ∆ ≤  at 300 Hz, 
the 1-segment model is not sufficient and the 3-segment model must be used.  A similar 
conclusion can be reached by analyzing the results obtained from hardware tests, shown 
in Figure 5. 17.  In this figure, it can be seen that for the 1-segment model 
1 degHardwareθ∆ >  at 300 Hz, and keeps increasing with frequency, suggesting that a 3-
segment model is needed.  This observation is even more apparent in Figure 5. 18, where 
only the higher frequencies are shown.  As expected, the 6-segment model is the one that 
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behaves most closely to the distributed line model at these higher frequencies.  Please 
note that Hardwareθ∆ represents the difference in load voltage phase shift between the 
distributed line model (simulated), and hardware finitely segmented models.  
 
 
Figure 5. 17 Example Line 1 - θVload vs. Frequency  
for the Distributed Model (in Simulation), and the 1, 3, and 6-Segment Models (in Hardware Tests) 
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Figure 5. 18 Example Line 1 - Zoomed-In, θVload vs. Frequency  
for the Distributed Model with Line Parameters r and l Adjusted with Frequency,  
and the 1, 3, and 6-Segment Models 
Also note that in Figure 5. 18 the distributed line model behavior has been 
adjusted according to the observed variations of the hardware line parameters with 
frequency, ( ) and ( )r lω ω . Specifically, in the simulation, the per-unit-length line 
parameters have been changed at each frequency level to reproduce the parameter 
dependency on frequency that was seen in hardware. 
While post-processing hardware test data, a variation of line resistance and 
inductance with frequency has been noticed and is shown in Figure 5. 19.  The per-unit-
length resistance increased with frequency from 0.05238 Ω/mi at 10 Hz to approximately 
0.28685 Ω/mi at 500 Hz.  Please note that at the fundamental frequency of 60 Hz, the line 
resistance has been observed to be the nominal value for the Falcon Cable type, which is 
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0.0612 Ω/mi.  The line inductance slightly decreased with frequency in a linear manner. 
Specifically, it varied between 0.16277 H/mi at 10 Hz to 0.15765 H/mi at 500 Hz. 
 
Figure 5. 19 l and r vs. Frequency Obtained from Hardware Tests 
 
5.3.3 COMPARISON HARDWARE TO SOFTWARE RESULTS 
A comparison was also made between the results obtained from the hardware tests 
and from the PSpice simulation of the segmented models.  A plot showing the 
comparison between the 3-Г segment model in simulation and hardware is presented in 
Figure 5. 20.  The plot also shows a band for the measurement error defined between the 
dotted lines.  It can be seen that the difference between the simulation and the hardware 
test results is within measurement accuracy up to a certain frequency, i.e. in case shown 
in Figure 5. 20 this frequency is approximately 375 Hz.  This is believed to happen 
because the line parameters (r and l) were kept fixed during simulation, while they were 
observed to vary with frequency in the hardware tests (Figure 5. 19).  In fact, when 
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adjusting, in the PSpice schematic, r and l with frequency according to the relationship 
observed in hardware, simulation and hardware results match closely, and within 
measurement accuracy for all frequencies, as shown in Figure 5. 21. 
   
± 6 % Voltage
Probe Accuracy
 
Figure 5. 20 |Vload| vs. Frequency for the 3-Segment Model, in Hardware and in PSpice 
 
Figure 5. 21 |Vload| vs. Frequency for the 3-Segment Model, in Hardware and in PSpice 
with r and l Adjusted with Frequency in Simulation 
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5.4 EXAMPLE LINE 2: 170-MILE LONG, FALCON CABLE TYPE 
In this second test case, the inputs to the modeling tool are set to be the following: 
I1. Line length: 170-mile 
I2. Cable type: Falcon 
I3. Model type: Gamma (Γ) 
I4. Frequency range of interest: 10 Hz to 30 kHz 
The line selected for this second example is what is defined as a long-length line, i.e. 
150 miles>l .  
The modeling tool has been applied to this line. Software simulations of the 
distributed parameter line model and 1 through 30-segment models have been performed; 
the single, 3, and 6 segment models have been developed and tested in hardware.   
 
5.4.1 SOFTWARE SIMULATION RESULTS 
Figure 5. 22 shows the load voltage attenuation difference versus frequency 
between the distributed model and an example set of the simulated segmented models.  
When analyzing the difference in load voltage attenuations and the difference in phase 
shifts, it can be seen that the observations made for the previous example line, are still 
valid. The behavior of the two example lines with respect to the distributed parameter 
line model seems to be qualitatively the same. However, it can be seen that the line length 
has a quantitative impact on the results:   
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• For equal segmentation of the line model, the “cut-off” frequencies of the 
longer-length line are lower, i.e. the same model structure is valid for a smaller 
frequency range than for the shorter line. 
For example, the difference in voltage attenuation between the 15-segment model and the 
distributed parameter model stays within 20 dB only up to 5.1 kHz for the 170-mi line, 
while it stays within up to 20.5 kHz for the 42-mi line. 
Also, the line models composed of 15, 20, and 25 segments reach a maximum of 
approximately 600 dB difference with the distributed model, which corresponds to 
301 10× V, and cannot be differentiated above that.  This happens because the numerical 
precision of PSpice is about 12 digit of accuracy [31].  Thus, in this case the precision 
needed is beyond that. 
 
3 Seg.
6 Seg.
10 Seg.
15 Seg.
20 Seg.
25 Seg.
1 Seg.
Frequency (Thousands Hz)
 
Figure 5. 22 Example Line 2 - ∆V vs. Frequency, 
Distributed and Finitely Segmented Models  
Accuracy 
(20 dB) 
3-Seg “Cut-Off” 20-Seg “Cut-Off” 
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As with the first example line, modeling guidelines are obtained for the same 
selected frequencies and accuracy levels.  Example guidelines are shown in Table 5. 4 
and Table 5. 5. 
Table 5. 4 Example Line 2 - Table of Results with Respect to Voltage Attenuation, 
Number of Segments vs. Model Accuracy 
 
 
Table 5. 5 Example Line 2 - Table of Results with Respect to Voltage Phase Shift, 
Number of Segments vs. Model Accuracy 
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5.4.2 HARDWARE TEST RESULTS 
The 1, 3, and 6-segment gamma models of the 170 mile Falcon line have been 
recreated and tested in hardware.  Results obtained are shown in Figure 5. 23 and Figure 
5. 24, in terms of voltage attenuation and voltage phase shift, respectively.   
 
Figure 5. 23 Example Line 2 - |Vload| vs. Frequency  
for the Distributed Model (in Simulation), and the 1, 3, and 6-Segment Models (in Hardware Tests) 
The hardware results shown in Figure 5. 23 validate the software tool output.  Within the 
same frequency range presented in the 42-mile line, i.e. 10-500 Hz, it can be seen that the 
single segment of the 170-mile line starts deviating substantially from the distributed line 
model, in both load voltage magnitude and phase, at much lower frequencies. As given in 
Table 5. 4, at a frequency of 180 Hz, in order to be within 1 dB from the distributed 
model, a two-segment model is already needed. 
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Figure 5. 24 Example Line 2 - θVload vs. Frequency  
for the Distributed Model (in Simulation), and the 1, 3, and 6-Segment Models (in Hardware Tests) 
In this example, the parameters of the distributed line model were not adjusted with 
frequency. This is believed to be the cause of the fact that the 3-segment model appears 
to behave more closely to the distributed model than the 6-segment one. Please note that 
this was also the case for the 42-mile line, when the line parameter frequency variation 
was not taken into account, i.e. Figure 5. 17 vs. Figure 5. 18. 
 
5.5 SUMMARY OF RESULTS AND OBSERVATIONS 
The proposed modeling approach was applied to lines of given cable type and 
length. The use of the approach resulted in a set of guidelines to determine the 
appropriate segmentation for given frequency ranges and desired accuracy levels with 
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respect to the distributed model.  Hardware tests of the 1, 3, and 6-segment models of the 
same lines validated the guidelines suggested by the modeling approach. 
Specifically, two given lines were tested: 
Example Line 1. 42-Mile Long, of Falcon Cable Type 
Example Line 2. 170-Mile Long, of Falcon Cable Type 
The first example line is considered a short-length line, while the second one is a long-
length line. Then, comparison of line model behavior in terms of length of the line could 
also be made. 
From the observed simulation and hardware test results for both lines, it can be 
concluded that a single lumped equivalent circuit, while sufficient for studies at the 
fundamental frequency, may not be suitable in studies under higher frequencies.  
Specifically through the results, it was shown that: 
• The differences in voltage attenuation and phase shift between the distributed 
and the finitely segmented line models vary with the number of segments;  
• The segmented models behave closely to the distributed model only up to a 
certain “cut-off” frequency; 
• The “cut-off” frequency increases as the number of segments increases; 
• Beyond the cut-off frequency, the behaviors vary significantly: the greater the 
model segmentation, the faster the model deviates from the distributed model. 
The behavior of the two different-length lines with respect to the distributed 
parameter model was shown to be qualitatively the same, but quantitatively different:   
• For a longer-length line, the same model segmentation as a shorter line 
maintains a certain level of accuracy for a smaller frequency range than the 
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shorter line, i.e. the “cut-off” happens at lower frequencies in a longer line 
than in shorter one. 
A line model load sensitivity study was also performed.  More specifically, the 
distributed line model was compared to lumped, finitely segmented line models at 
different frequencies and at different load resistances.  From the simulation results, 
several observations were made: 
• When the line was loaded with resistances above the characteristic impedance 
of the line, the load voltage increased with respect to the source voltage; 
• When the load was below the characteristic impedance, the voltage was 
attenuated; 
• The line model behavior followed the voltage equation for finite transmission 
lines for all frequencies when looking at the distributed model, and up to the 
“cut-off” frequency for the finitely segmented models. 
• As the segmentation increased, the line model behaved qualitatively and 
quantitatively closer to the distributed line model for all frequencies and for 
all load levels.  
Also, it can be seen that the loading condition does not greatly influence the 
model accuracy, based on the voltage attenuation and phase shift metrics, i.e. the 
modeling tool guidelines would be similar for differently loaded lines. 
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6. CONCLUSIONS 
6.1 OVERVIEW 
The work in this thesis comprises the development and validation of a modeling 
approach to be used for electric power transmission lines in the presence of non-
fundamental frequencies.  In this chapter, research contributions and accomplishments of 
the work are summarized in Section 6.2; and a future vision for the work is discussed in 
Section 6.3. 
 
6.2 SUMMARY OF RESEARCH CONTRIBUTIONS 
 Due to the expected increased levels of harmonic and inter-harmonic frequency 
components in modern power systems, a hardware validated transmission line modeling 
tool was developed to determine the appropriate model structure for system studies under 
non-fundamental frequencies.  The tool consists of a step-by-step procedure that 
determines the model segmentation and the corresponding parameter values of each 
segment based on a desired level of accuracy and given frequencies of interest. 
In order to assess the accuracy of a line model, its performance is characterized 
through wave propagation, specifically voltage attenuation and phase shift, and is 
compared to the distributed parameter line model.  The metrics of differences in voltage 
attenuation and phase shift were chosen based on their characteristics of representing line 
terminal behavior and of being relatively insensitive to load variations.  These qualities 
are important for nodal analysis in power system studies.   
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The metrics’ selection with respect to these desired characteristics was validated 
through a load sensitivity simulation study.  The segmented models’ accuracy with 
respect to the distributed parameter model was not greatly altered by load changes.   The 
desired accuracy level of the model is expressed in terms of threshold values for the 
voltage attenuation and the phase shift ( ThresholdV∆ and Thresholdθ∆ ).  These thresholds are 
set by the user, depending upon the model’s intended use and anticipated operating 
scenario.   
The line modeling approach utilizes a state-of-the-art simulation tool, Cadence 
PSpice, to obtain the receiving-end voltage of the distributed line model and of 
differently segmented models at the frequencies of interest.  The tool is also validated 
with hardware tests performed within the Drexel University power engineering 
laboratories. An experimental platform, composed of power hardware, measurement 
hardware, and a data acquisition and hardware control system, was in fact specifically 
designed to study waveform propagation in lumped circuit equivalents of transmission 
lines at non-fundamental frequencies.  The proposed modeling approach was applied for 
demonstration purposes to a short-length and a long-length line of given cable type.  The 
results were then validated through hardware tests of select model segmentations of the 
same lines.   
From the observed simulation and hardware test results, it can be concluded that a 
single lumped equivalent circuit, while sufficient for studies at the fundamental 
frequency, may not be suitable in studies under higher frequencies.  The results show 
that: 
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• The differences in voltage attenuation and phase shift between the distributed and 
the finitely segmented line models vary with the number of segments.   
• The segmented models behave closely to the distributed model only up to a 
certain “cut-off” frequency, which increases as the number of segments increases.  
• Beyond the “cut-off” frequency, the greater the model segmentation, the faster the 
model deviates from the distributed line model.  
Also, 
• While post-processing hardware test data, a line parameter dependency on 
frequency was noticed.   
• In both software simulation and hardware tests, the behavior of the two different-
length line models with respect to the distributed parameter model was shown to 
be qualitatively the same, but quantitatively different.   
• In order to achieve the same accuracy level, at any given frequency, a higher 
segmentation was needed for the longer line than for the shorter line.  
 
6.3 FUTURE WORK AND VISION 
 Several considerations and suggestions can be made in terms of future vision for 
the work presented in this thesis.  Ideas for additions and improvements to the proposed 
modeling approach include: 
• The modeling tool could be altered to account for line parameter variations due to 
frequency, as observed in the hardware test results. Then, by applying the 
proposed modeling approach in harmonic load flow solvers to vary line parameter 
and model structure, more accurate results would be expected. 
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• By performing a more detailed analysis on the sensitivity of the threshold values 
to the segmentation number K, a segment number increase other than 1 can be 
used in Step 2 of the step-by-step procedure. This would yield a more efficient 
process in terms of computation time.  
• Environmental conditions, such as ambient temperature changes along the line, 
can be considered. Cable temperature variations would in fact cause the line 
parameters to change and would lead to non-uniform line model segmentations. 
This aspect can be included in the line modeling approach and would simply 
result in different lumped parameter values for each segment.  Please note that 
this non-uniformity of parameters along the line could not be represented with a 
distributed line model. 
• Finally, a more detailed analytical investigation of the relationship between 
number of segments and upper bounds on frequency could lead to the 
development of a generalized system of equations to be used for transmission line 
modeling.  
Thus far, the analysis has been limited to systems of two buses, i.e. a line model between 
a sending and a receiving end. An additional consideration for future work would then be 
to study systems of multiple buses, and analyze how the use of the proposed line 
modeling approach would affect the study of the entire network. 
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